Objective A reduction in endothelial progenitor cell (EPC) count is considered to correlate with cumulative cardiovascular risk factors including hyperglycemia. This study was conducted to elucidate the influence of glycemic variability on EPC count in patients with diabetes. ) was counted as the number of cells per 10 6 events. In study 2, we examined 37 outpatients with type 1 diabetes without macrovascular complications. We assessed associations between EPC count and seven parameters of glycemic variability (blood glucose standard deviation, mean amplitude of glycemic excursion, J index, M value, mean of daily differences, low blood glucose index, and high blood glucose index), as measured by continuous glucose monitoring. We further analyzed the correlation between EPC count and the carotid intima-media thickness (IMT) in 24 patients. Results In study 1, the number of circulating CD34
Introduction
Peripheral circulating endothelial progenitor cells (EPCs), which are derived from bone marrow, contribute to revascularization and endothelial homeostasis [1] . Previous studies have reported that a reduction in the EPC count may correlate with cumulative postulated cardiovascular risk factors, such as aging, hypertension, hyperlipidemia, hyperglycemia, and smoking status [2] . Low EPC counts lead to the acceleration of oxidative stress and may result in vascular endothelial dysfunction [3] , which is considered one of the major changes that occur during the initial step of the atherosclerotic process [1] . However, its underlying mechanism remains unclear.
Peripheral circulating EPCs are characterized by the expression of markers such as CD34, CD133, and CD309 (VEGFR-2/KDR). CD34 is a glycoprotein expressed on both multipotent stem cells and hematopoietic precursor cells. CD133 is also a glycoprotein expressed on hematopoietic cell lines; however, its surface antigen identifies more immature progenitor cells than CD34 does alone. CD309 (VEGFR-2/KDR) is a tyrosine kinase that characterizes the vascular endothelial growth factor receptor and indicates endothelial differentiation.
Hyperglycemia is a well-known risk factor for endothelial dysfunction and atherosclerosis [4] . It has been evaluated via the mean plasma glucose level as shown in glycated hemoglobin (HbA1c). However, endothelial dysfunction was observed even in patients who have normal fasting but high postprandial plasma glucose levels in the early stages of type 2 diabetes. Prolonged and repeated exposure to postprandial hyperglycemia may accelerate the progression of cardiovascular disease [5, 6] . The outcomes of recent large-scale studies have also indicated that tight glycemic control using HbA1c alone is not sufficient to reduce the risk of macrovascular complications. Using the glucose clamp method, Cirilo et al. found that the activation of oxidative stress by acute glucose fluctuations has more deleterious effects on endothelial function than constant hyperglycemia does in patients with type 2 diabetes [7] . Torimoto et al. observed that the parameters of glycemic variability correlated with the reactive hyperemia index, which is an indicator of vascular endothelial function, measured using the peripheral arterial tonometry [8] . Severe hypoglycemia markedly increases the incidence of sudden cardiovascular death [9, 10] . These studies suggest that, in order to prevent vascular damage, it is important to not only reduce HbA1c levels but also to stabilize dynamic changes in glucose levels.
Several lines of evidence suggest that EPC counts in patients with diabetes are remarkably decreased compared with those in healthy subjects [11] [12] [13] . It has also been found that improved glycemic control (reductions in HbA1c) increases the number of EPCs [12] . However, few studies have evaluated the impact of brittle glycemic changes on EPC counts in patients with diabetes. Therefore, we aimed to determine clinical factors associated with EPC counts in patients with diabetes, and to clarify the influence of glycemic variability (as measured by continuous glucose monitoring CGM)-on the number of EPCs in the peripheral blood of patients with type 1 and type 2 diabetes.
Materials and methods

Subjects
Study 1
We examined a total of 100 patients, 57 of whom had type 1 diabetes and 43 of whom had type 2 diabetes. All subjects were inpatients or outpatients at Osaka Medical College Hospital between 2014 and 2015. Table 1 shows clinical characteristics of the patients with two types of diabetes. The criteria applied to exclude subjects from our study were known myocardial infarction, cerebral infarction, or obstructive arteriosclerosis; concomitant malignancy or inflammatory disease; and pregnancy or lactation. We defined smoking status (?) as current smoking, hypertension (?) as a consulting room blood pressure of C130/80 mmHg, and dyslipidemia (?) as LDL-Chol C120 mg/dl and/or HDL-Chol \40 mg/dl and/or TG C150 mg/dl.
Study 2
Thirty-seven outpatients with type 1 diabetes who had been treated at the Osaka Medical College Hospital between 2014 and 2015 were recruited for study 2. Table 2 shows their clinical characteristics. The exclusion criteria were known myocardial infarction, cerebral infarction, or obstructive arteriosclerosis, concomitant malignancy or inflammatory disease, and pregnancy or lactation. The definitions of smoking status, hypertension, and dyslipidemia were same as those in study 1. In addition, patients were excluded if they met one or more of the following criteria: a maximum carotid intima-media thickness (max IMT) C1.4 mm, an ST-T abnormality, and an abnormal Q wave with 12-lead electrocardiograms, and an ankle-brachial index of B0.90 or [1.40. We also excluded patients with unstable HbA1c levels, defined as an absolute variation in HbA1c over the past 3 months of C1.2%, as well as individuals with diabetic nephropathy stage 3, 4, or 5, those with diabetic proliferative retinopathy, underweight patients (BMI \17), and moderately or severely obese patients (BMI [30).
The study protocol was approved by the ethics committee of Osaka Medical College on July 7, 2014 (Rin-19) . Each subject was informed of the purpose of the study and their written consent was obtained.
Methods
Study 1
In all patients, venous blood samples were obtained during the morning following an overnight fast. These samples were used to assess EPCs, glycemic parameters (fasting C-peptide level, glycated albumin [GA], and HbA1c), and lipid profiles (LDL cholesterol, HDL cholesterol, and triglycerides). The clinical characteristics of all patients (age, sex, BMI, smoking status, duration of diabetes in years, systolic blood pressure, and diastolic blood pressure) were obtained on the day of sample collection. We subsequently compared EPC counts for the two types of diabetes.
Study 2
The patients with type 1 diabetes were allowed to continue with either their multiple daily injections (27 patients) or their continuous subcutaneous insulin infusion (10 patients) during the study. On the first or seventh day that they were equipped with the CGM device, we collected venous blood samples under the same conditions that had been used in study 1. From the samples, the following were assessed: EPCs, glycemic parameters (fasting plasma glucose level, fasting C-peptide level, GA, and HbA1c), lipid profiles, and estimated glomerular filtration rate (eGFR). The clinical characteristics assessed were the same as those in study 1.
The protocol for study 2 included the use of the CGM system (iPro2; Medtronic, Northridge, CA, USA) to measure fluctuations in blood glucose levels for seven consecutive days. Calibrations were performed four times daily for each subject. To avoid bias which could result from the insertion and removal of the CGM, the analysis was limited to the data obtained during the five intermediary days (120 h) of recording. We determined the correlation between EPC count and glycemic variability.
Endothelial progenitor cells
EPCs were determined by the flow cytometry method, as reported previously [14] . Fresh peripheral blood mononuclear cells (PBMCs) were obtained by density gradient centrifugation (Lymphoprep; Axis-Shield PoC AS, Oslo, Norway) and immediately subjected to cellular staining. The cells were stained with the following antibodies: Brilliant Violet (BV) 421 mouse anti-human CD34 (clone 581), phycoerythrin (PE) CD133/1 (clone AC133), and Alexa Fluor 647 mouse anti-human CD309 (VEGFR-2) (clone 89106). The following isotype control antibodies were used: BV 421 mouse IgG1, j (clone X40), PE mouse IgG1, j (clone MOPC-21), Alexa Fluor 647 (clone MOPC-21). After surface staining for 30 min at 4°C in the dark, the cells were washed with phosphate-buffered saline solution. Surface-stained cells were then subjected to fluorescence-activated cell sorting (BD FACS Aria TM ). The frequency of EPCs was defined as the number of cells per 10 6 events for each sample. According to the surface expression of CD34, CD133, and CD309, EPCs were determined by flow cytometry and differentiated into four ? cells. These four cell subpopulations were counted as EPCs, as described previously [14] .
Parameters of glycemic variability and glycemic control
The mean blood glucose level, the standard deviation (SD) of the blood glucose level, the mean amplitude of glycemic excursion (MAGE) [15] , the J index [16] , the M value [17] , the mean of daily differences (MODD) [18] , the low blood glucose index (LBGI), and the high blood glucose index (HBGI) [19] were measured from the data recorded by the CGM system as parameters of glycemic variability in study 2. The MAGE values were calculated by measuring the arithmetic mean of the differences between consecutive peaks and nadirs, provided the differences were greater than 1 SD of the mean glucose value. The J index was calculated using the following formula: J index = 0.001 9 (mean glucose ? SD) 2 . The M value is a logarithmic transformation of the glycemic deviation from an arbitrary assigned ideal glucose value. The MODD was calculated as the mean absolute value of the differences between glucose values measured at the same time for two consecutive days. The LBGI and HBGI accounted for the frequency and amplitude of hypoglycemic and hyperglycemic events, respectively, and allowed the risk for adverse glycemic events to be assessed.
The HbA1c levels were determined by high-performance liquid chromatography using an ADAMS-A1c HA-8181 instrument (Arkray Inc., Kyoto, Japan), and the serum GA level was simultaneously measured by an enzymatic method (Lucica GA-L, Asahi Kasei Pharma, Tokyo, Japan) using a Beckman Coulter (Brea, CA, USA) AU5800 autoanalyzer. The GA/HbA1c ratio was calculated by dividing the GA value by the HbA1c value.
Intima media thickness
The carotid IMT [20, 21] 5.8 ± 6.0 months (mean ± SD) after counting EPCs was measured in 24 patients randomly selected from 37. The max IMT was defined as the IMT at the site of greatest thickness on both sides. Measurements were taken on both the left side and the right side of the IMT at the site of the greatest thickness and at a point 1 cm upstream and another 1 cm downstream from the site of greatest thickness. The average of these six values were computed and used as a representative value (mean IMT) for the participant. All measurements were conducted by the same physician, who was unaware of the clinical characteristics of the subjects. A series of ultrasonographic images of the carotid artery were obtained using an echotomographic system (SSA-790A; Toshiba) with an electrical transducer (mid frequency of 7.5 MHz).
Renal function
The eGFR was calculated in 32 patients randomly selected from 37 using the following equation: eGFR = 194 9 serum creatinine -1.094 9 age -0.287 9 0.739 (if female), where serum creatinine is in mg/dl and age is in years [22] . eGFR(0) and DeGFR(3 M) were defined as the eGFR on the day of sample collection and the change in the eGFR after 3 months, respectively.
Statistical analysis
The data were expressed as the mean ± standard deviation (SD) or the median and interquartile range, depending on the sample distribution. EPC counts were log-transformed into normally distributed values. Comparisons among groups were evaluated using Pearson's chi-square test, the unpaired Student t test, or the Mann-Whitney U test, as appropriate. Univariate regression analyses were performed to assess the statistical associations between normally distributed variables using Pearson's correlation coefficient. p \ 0.05 was considered to indicate statistical . The results of the measurements of the four parameters of glycemic variability by CGM were as follows: SD: 60.6 ± 16.5 (mg/dl), M value: 36.4 ± 17.7 (mg/dl), J index: 46.4 ± 21.1, MODD: 65.5 ± 18.2 (mg/dl), MAGE: 140.4 ± 40.6 (mg/dl), LBGI: 6.1 ± 3.8, and HBGI: 10.0 ± 5.3 (mean ± SD). Table 3 shows correlation coefficients of the naturallogarithm-scaled CD34
? cell count (logCD34 ? ) and the natural-logarithm-scaled CD34
? CD133
? cell count (logCD34 ? CD133 ? ) with markers of glycemic variability.
LogCD34
? exhibited a significantly negative association with the J index (r = -0.342, p = 0.039) among the seven parameters of glycemic variability, but logCD34
? did not show any correlation with any of the parameters of glycemic variability. In 24 patients, the average (±SD) values of the max IMT and the mean IMT were 0.78 ± 0.09 (mm) and 0.65 ± 0.07 (mm), respectively. LogCD34
? was significantly negatively associated with the max IMT (r = -0.486, p = 0.012) and the mean IMT (r = -0.503, p = 0.016) (Table 4A ; Fig. 1 ). On the other hand, logCD34
? CD133 ? showed no correlation with the max or mean IMT.
In 32 patients, the average (±SD) levels of the eGFR(0) and the DeGFR(3 M) were 84.4 ± 15.5 (ml/min/1.73 m 2 ) and -3.0 ± 5.8 (ml/min/1.73 m 2 ), respectively. The CD34
? cell count showed a significant positive association with DeGFR(3M) (r = 0.354, p = 0.047), but was not associated with eGFR(0) (r = -0.011, NS) ( Table 4B ). The number of CD34
? CD133 ? cells was associated with neither eGFR(0) nor DeGFR(3 M).
Discussion
This is the first study to demonstrate (1) lower circulating EPC levels in patients with type 1 diabetes than in patients with type 2 diabetes, (2) an inverse association between EPC count and the J index among parameters of glycemic variability in patients with type 1 diabetes, and (3) an ? cells) was significantly decreased in patients with type 1 diabetes compared to the number of EPCs in patients with type 2 diabetes. It is well known that plasma glucose levels are usually more unstable in patients with type 1 diabetes than in those with type 2 diabetes. Indeed, the GA/HbA1c ratio, a marker of glucose fluctuation [23] , was significantly higher in patients with type 1 diabetes than in patients with type 2 diabetes. Therefore, we hypothesized that increased glycemic excursions, in addition to other risk factors for arteriosclerosis, may reduce the number of EPCs. In study 2, we aimed to elucidate the influence of glycemic variability, as indicated by the CGM, on the number of EPCs in the peripheral blood of patients with diabetes.
Second, in the cross-sectional study 2, we found that the J index, a parameter of glycemic variability calculated from the CGM recordings, was significantly and inversely correlated with logCD34
? . The EPC count based on CD34
? was also found to be lower in subjects with higher levels of all other parameters except the J index than in subjects with lower levels of those parameters, although the differences were not significant.
The J index was proposed by Wojcicki in 1995 to be a parameter that charts glycemic variability; it is known to be related to the period during which the glucose levels change within the targeted blood glucose range (80-180 mg/dl). The J index is characterized by high sensitivity to both the mean glucose level and the glycemic variability [16] . Moreover, among these parameters of glycemic variability, the J index may be the most specific parameter that reflects both chronic hyperglycemia and In (B), the relationship was calculated using Spearman's correlation coefficient ? and the mean IMT increased glycemic excursion, and may be the most suitable for evaluating the glucose variation in subjects with relatively stable glucose levels, such as patients with type 1 diabetes. The J index presented a significant negative association with EPC count in this study, suggesting that the degree of glycemic excursion in the hyperglycemic state may be related to the reduced number of circulating EPCs in patients with type 1 diabetes.
Third, when evaluating the cause-effect relationship between low EPC count and chronic vascular complications, we found a positive correlation between EPC count and IMT in a carotid echogram or eGFR. A previous study reported that a lower eGFR was independently associated with cardiovascular events [24] . Few have reported that chronic hyperglycemia and increased glucose variation induce accelerated atherosclerosis synergistically. However, it is well known that each of these factors (chronic hyperglycemia and increased glucose variation) results in progression of arteriosclerosis [4] . Some reports have shown that glucose fluctuations during the postprandial period have a more specific triggering effect on oxidative stress than sustained chronic hyperglycemia [25] . The significant association of the number of EPCs with IMT and DeGFR(3 M) led us to speculate that increased glycemic excursions could result in the progression of diabetic vascular complications by reducting the EPC count. However, the mechanisms by which increased glycemic excursions can lead to a reduction in the EPC count have not yet been clarified.
The mechanism underlying the association between EPCs and endothelial repair remains unknown. Previous articles have reported that the cytokine SDF-1 [26] and the growth factors VEGF [27] and G-CSF [28] are involved in the production of EPCs or in their mobilization to the local part of the blood vessel. A decrease in EPCs may cause an increase in IMT thickness and a decrease in eGFR through the action of these cytokines and growth factors.
One limitation of our study was its cross-sectional design, which did not allow a longitudinal follow-up of the patients. This limitation could be addressed through subsequent longitudinal studies.
In conclusion, this study demonstrated a negative correlation between the number of EPCs and the J index, which reflects both hyperglycemia and glycemic variability, in patients with type 1 diabetes. This indicates that increased glycemic variability, as well as hyperglycemia, may have a strong reducing effect on the number of EPCs. Our study may indicate that it is important to minimize hyperglycemic spikes in order to prevent endothelial damage, and suggests that vascular burden may be reduced in individuals with diabetes by controlling fluctuations in glucose levels.
